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DEIDICATION 
A. M. D. G. 
I. Introduction 
Ventricular fibrillation can be described as a series of incoordinate 
ventricular contractions which produce no useful beats. As a result, the 
cardiac output and the arterial pressure fall to near zero levels and if the 
situation is e.llowed to persist, death due to cerebral anoxia occurs. In 
large mammals, such as dogs and humans, ventricular fibrillation is rarely, 
if ever, spontaneously reversible. However, in frogs, turtles, and small 
mammals (mouse, rat, and guinea pig) a transient easily reversible type of 
ventricular fibrillation can be elicited. 
The first report on ventricular fibrillation appeared in the literature 
in 1850 when Hoffa and Ludwig (1) disclosed that they were able to abolish 
the normal ventricular rhythm in a dog by stimulating the ventricle with a 
strong direct or faradic current. The actual term, fibrillation, originated 
in 1875. That year Vulpian (2) reported that the application of an intense 
faradic current to the ventricle of a curarized or chloralosed dog produced 
11une sorte de tremblotement musculaire 11 which was very rapid and lasted for 
three or four minutes. This was followed by a progressive transformation into 
"une tremulation fibrillaire 11 • Si.nce the time of these initial reports 
ventricular fibrillation has been found to occur under a variety of ex-
perimental and clinical conditions such as coronary occlusion due to in-
tentional ligation or presence of a thrombus; incising or crushing the 
ventricles; overdose of such drugs as procaine amide, quinidine, and 
digitalis; and the injection of epinephrine during cyclopropane or chloro-
form anesthesia. 
It is now generally recognized that ventricular fibrillation is also 
the terminal cardiac event which occurs most frequently in experimental 
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animals subjected to profound hypothermia. The appearance of this cardiac 
phenomenon at low body. temperatures was observed initially by Gosselin (3) 
in guinea pigs and Prec et al. (4) in dogs. However, not until the reports 
of Bigelow et al. (5) and Hegnauer et al. (6) appeared almost simultaneously 
in the literature of 1950 was the realization forthcoming that ventricular 
fibrillation is the ultimate cause of death in the majority of hypothermic 
animals. The subsequent observation by Hegnauer and D1Amato (?) that 
ventricular fibrillation occurs almost invariably in hypothermic dogs sub-
jected to ventricular catheterization suggested an increased irritability of 
the ventricles at low body temperature. That ventricular fibrillation may 
also be the terminal cardiac event in humans subjected to hypothermia was 
" suggested by Holzlonher who is quoted in the Alexander report of 1946 (8). 
In 7 human subjects cooled to death at the Dacbau concentration camp 
II 
Holzlonher observed rapid irregular pulse beats followed by a sudden cessa-
tion of pulsations. This observation is more highly indicative of ventricular 
fibrillation than of cardiac arrest. 
Bigelow et al. (5) first conceived the idea of using hypothermia as 
a means of performing intracardiac surgery in a bloodless heart. For as 
the body temperature falls to 25° c. and lower the oxygen consumption of the 
body is markedly reduced so that circulatory stasis of 5-15 minutes duration 
can be tolerated without inducing a dangerous degree of myocardial or 
cerebral ischemia. The number of articles contained in the clinical litera-
ture of the past five years attests to the increased interest in hypothermia 
as an adjunct to cardiac surgery. Cookson et al. (9, 10), Swan et al. (11), 
and Lewis and Taufig (12) have already rendered some of their surgical 
patients hypothermic and report a fair degree of success with this procedure. 
However, the incidence of ventricular fibrillation under hypothermic con-
ditions complicated by surgical insult is quite high and so some method of 
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preventing or controlling this cardiac abnormality is needed in order to con-
vert hypothermia from an experimental to a clinically useful procedure. 
Once ventricular fibrillation was established as a frequently occurr-
ing hazard in hypothermic animals, the investigation into its causes and 
control assumed increasing interest and importance to both the experimental 
physiologist and the clinician dealing with hypothermia with or without 
direct application to cardiac surgery. 
Numerous theories have been proposed in an attempt to uncover the 
possible factors predisposing to ventricular arrhythmias and fibrillation 
at low body temperatures. During the past 20 years various investigators 
have. offered evidence which suggests that one or a combination of the 
following may be involved in the precipitation of these ventricular 
arrhythmias: a) overactivity of the sympathetic nervous system (9, 13): 
b) cardiac hypoxia (14, 15, 16, 17); c) excess vagal tone (18, 19); d) cardiac 
overloading (5, 8); e) anesthetic agents (20, 21); f) potassium shifts and 
carbon dioxide retention (13, 22, 23). It should be emphasized, however, 
that few, if any, of the hypotheses based on the above factors have gone 
completely unchallenged. 
The theory which to date has gained the greatest popularity and also 
evoked the most controversy is that which implicates cardiac hypoxia as the 
causative factor of the hypothermic ventricular irregularities. The presence 
of a stronger Oz-Hb bond at low temperatures and the diminished coronary 
blood flow due to the reduction in 11lood pressure which occurs as body 
temperature falls were be.lieved by "Iron Werz (15) and Crismon (16) respectively 
to induce an hypoxic state in the mtwculature of the heart. This hypoxia 
was assumed to be responsible for the abnormalities in ventricular rhythm. 
However, the reports of Penrod (24) and Hegn.a.uer (25) that the coronary A V 
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oxygen difference is the _same in dogs whose rectal temperature were lo,.,ered 
to 20°C. and l7°C. and in normothermic dogs indicate that the hypothermic 
heart is capable of extracting a sufficient amount of oxygen from the blood 
despite the stronger o2-Hb bond and a diminished coronary perfusion. 
Moreover, direct measurements of coronary blood flow in hypothermic dogs (26) 
have shown that at 20°C. the rate of coronary blood flow is quite adequate 
although lower than normal. Thus in the light of these more recent ex-
periments it appears that cardiac hypoxia is not a.s important a factor in 
the initiation of ventricular ectoptc beats as was formerly believed. 
The hydrogen ion concentration of the blood is the latest factor to be 
involved as an incitant to hypothermic ventricular fibrillation. As body 
temperature falls and cold narcosis sets in, the carbon dioxide content of 
the blood increases and so causes a decrease in the pH of the internal 
environment. This lo'" pH is assumed. to cause a marked increase in the ex-
citability of the ventricle and in this way initiate the fibrillary process. 
Evidence in support of this hypothesis was forthcoming from Swan et al. (22) 
and Osborn (23) who were able to prevent the occurrence of ventricular fib-
rillation in hypothermic dogs by hyperventilating their experimental animals 
sufficiently to maintain a normal or even supernormal pH at low body 
temperatures. Since no contradictory evidence has been presented thus far 
to refute these reports, any new the-ories set forth to expla,in hypothermic 
ventricular fibrillation must take i:o.to account the role of pH. 
In addition to these various i~~estigations into the physiologic basis 
of ventri<;ular fibrilla.tion at low t13mperatures, attempts have been made to 
find a pharmacologic agent capable o:f preventing or controlling fibrillation 
under these conditions. In this regard, procaine (27) was found to be of 
little value. The two drugs which a 1~ present appear to possess some anti-
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fibrillary properties at low temperatures are Dacorene (27, 28) and pro-
stigmine (lJ, 29). Although Prevede1l et a.l. (29 ) failed to observe a 
single case of ventricular fibrillation in 22 prostigmine treated dogs 
subjected to profound general hypothermia, this agent may be of limited 
value in cases of accidental human l~thermia since it had to be ad-
ministered via the intracoronary route to provide adequate protection. 
Thus the number of articles in the literature, especially during 
the past five years, is indicative of the growing interest, both 
academically and clinically, in the general problem of ventricular fib-
rillation at low body temperatures. Moreover, as shown by the above pre-
sentation a great deal of divergent opinion exists in regard to the causes 
of ventricular fibrillation under hy~thermic conditions and methods for the 
prevention and control of this cardiac phenomenon. This experimental study 
was executed in the hope that some information might be obtained concern-
ing possible factors predisposing to ventricular fibrillation during pro-
found acute hypothermia. The present report deals with certain approaches 
to the over-all problem and the rationale for the various procedures per-
formed are as follows: 
a) The presence in the literature of evidence which suggests that 
the nature of the precooling anesthetic exerts some direct influence on the 
character of hypothermic death necessitated the performance of a controlled 
study, one in which the anesthetic ~gent alone differed in several series 
of experiments. 
b) It has been shown in normothermic dogs that under certain 
conditions, such as cyclopropane or ehloroform anesthesia, the heart becomes 
sensitized to epinephrine and demons ·l;ra tes extrasystolic action and fib-
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rillation. Proceeding on the hypothesis that endogenous epinephrine, re-
leased in consequence of cold stress, might act upon a sensitized myocardium 
to produce ectopic foci, treatment with certain adrenergic blocking drugs 
was investigated. These drugs are capable of preventing the arrhythmias 
precipitated by epinephrine in cyclopropanized normothermic dogs. The 
action of exogenous epinephrine in the presence and absence of adrenergic 
blockade was also investigated. 
c) As mentioned above cardi1ac overloading has been suggested as a 
possible cause of ventricular fibrillation in the hypothermic dog and some 
evidence presented that fibrillatio:n. can be controlled or reversed by 
venesection. The observation appea:red of sufficient import to warrant 
repetition, especially since we, as well as others, had observed that the 
hypothermic heart is markedly dila t13d at terminus. In addition to the 
venesection studies the influence of arterial pressure per se was prompted 
by chance observations on occasional dogs that a relatively high arterial 
pressure preceded ventricular fibri l lation. 
d) It has been suggested t~Lt extrasystolic action and fibrillation 
in hypothermia are due to a relativEt increase in ventricular excitability 
compared with that of the normal pac:emaker. Ho,~Tever • although increased 
excitability at lowered body tempere.tures has been assumed conveniently to 
explain the immediate cause of ventricular fibrillation there has been no 
experimental proof of the assumption. forthcoming to date. Thus direct 
threshold measurements were made during progressive immersion hypothermia 
to determine whether an increased ventricular excitability actually does 
occur prior to the onset of ventricular fibrillation at low body temperatures. 
e) Recently evidence haB been presented which implicated carbon 
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dioxide retention at low body temperatures as a causative factor in the 
initiation of ventricular fibrillatton. On the basis of these reports a 
thorough investigation into the effe1ct of pH on ventricular ex.citabili ty 
and fibrillation was deemed necessary. 
f) Although ventricular fibrillation which occurs as a result of 
a drastic reduction in body temperature may be controllable by physiologic 
means, a suitable pharmacologic anti.fibrillary agent is still desirable 
in cases of accidental human hypothe,rmia. Thus with this objective in mind 
. a quest was made for an agent capable of preventing or at least reducing 
the incidence of ventricular fibrillation at low temperatures. 
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II. Methods 
Apparently healthy mongrel dogs of both sexes and of indeterminate 
age, ranging in weight from 6.7 to 18.5 kilograms, and with considerable 
variation in amount and texture of hair covering, were used in all of the 
series carried out during this experimental study. 
Pentobarbital sodium was the anesthetic employed in most series of ex-
periments. For comparative and control purposes, one series of experiments 
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was performed under thiopental sodium and one under ether anesthesia. 
Pentobarbital was administered intraperitoneally (30 mgm. per Kg.) supplemented 
occasionally as needed during surgical procedures or in the early stages of 
cooling. Thiopental (5% solution) \lias administered by intravenous titration 
to attainment of surgical anesthesia., and thus maintained with supplementary 
injections to stabilize the depth in. the upper planes of stage J. Ether 
anesthesia was induced by placement of an ether cone over the dog 1 s nostrils 
and mouth and the animal maintained in stage 3 by easily controlled air-
ether mixtures from a Wolff bottle. 
The following preparations were made in all animals prior to the 
initiation of hypothermia: insertion of an endotracheal tube and a rectal 
thermocouple, and placement of stand.ard limb leads for electrocardiographic 
recordings. In most dogs both external jugular veins were exposed, the 
left jugular for the injection of ad.di tional anesthetic and/or drugs and 
the right one for the insertion into the right auricle of a #8 or 10 radio-
opaque catheter fitted with a thermocouple at its tip. The right common 
carotid artery was also exposed in most dogs, either for the manometric 
recording of mean arterial blood pre:ssure or for withdrawing arterial 
blood samples for pH measurements. 
The hydrogen ion concentration of the blood was determined by means 
of a Cambridge pH recorder equipped with a special temperature jacket 
which made possible the measurement of pH at the same temperature as ex-
isted in the right auricle at the time of sampling. This obviated the 
need of using a temperature correcti.on factor to determine the pH of blood 
at low temperatures. 
Deep rectal and heart temperE,tures (actually, right auricular blood 
temperature) were measured continuously by means of a Speedomax recorder 
(Leeds and Northrup). Cooling was tnduced by immersion in an iced water 
bath (2-5°C.). The animal board to which the dogs were tied in a supine 
position was tilted in the bath at an angle of approximately 10° to the 
horizontal and the head was further elevated by a head rest. The un-
immersed portion consisted of the vtmtral third of the thorax, most of the 
neck, and the head. Rewarming, whell it was attempted, was carried out by 
immersion in a liie.rln water bath of 42--48° c. As temperature fell to 26°-24°C. 
in the pentobarbi tali zed and thiope;a.talized dogs, artificial respiration 
(push-pull) was instituted. 
In those series of experiments in which direct measurements of 
ventricular threshold were made, stimulating electrodes were placed on the 
heart prior to immersion in the following manner: an incision was made in 
the left 4th intercostal space and the ribs retracted for exposure of the 
entire heart. The pericardium was incised longitudinally and a cradle formed 
therefrom. The stimulating electrodes were of AgCl-plated silver wire in 
the form of 1/4 inch loops fixed in leucite discs and were attached to the 
heart by means of three stitches. One electrode was placed on the exposed 
left auricle to serve as a pacemaker; the second was placed near the apex 
on the left ventricle. The common, indifferent electrode was a brass disc 
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placed under the skin at the edge of the incision. The pericardium was 
closed with one or two sutures, the ribs approximated and the chest closed 
and made air tight, after reduction of pneumothorax, by a coating of 
collodion. 
Ventricular excitability was determined in a direct manner by means 
of the following technique: a Grass model 30 stimulator drove the heart 
via the auricular electrode at a normal or slightly super-normal rate. 
The rate was appropriately reduced ~rith body temperature during cooling. 
The testing (ventricular) electrode was activated by a second Grass 
stimulator, model S4B, connected in tandsm to the driving stimulator. The 
latter activated the former through an adjustable delay circuit, and the 
testing shock was delivered to the ~rentricle whenever a hand operated 
switch on the testing stimulator wan closed. The test stimuli were of 10 
or 15 m.sec. duration in all experirnents, with voltage variable from 0-150. 
A 50,000 ohm resistor was placed in series with the ventricular electrode 
to minimize the error entering into the calculation of stimulus current 
by possible changes in tissue resistance. The latter, measured by means of 
an ohmmeter, proved to be the same at low body temperatures as at normal, 
i.e., 5000-6000 ohms. Therefore, tl1e maximum current strength obtainable 
was 150/55,000 = 2.73 ma. Thus the minimum current intensity required to 
produce an extrasystolic beat when~~ square wave impulse of 0-2.73 ma. was 
applied to the left ventricle was t~~ken as a measure of the ventricular 
threshold. In the initial set of e;rcitability experiments only diastolic 
threshold, which obtains at a point in the cardiac cycle represented by 
the descending limb of the electrocardiographic T-wave, was determined. In 
subsequent series ventricular excitability was measured every 10 m.sec. 
throughout the cycle starting at a J~int in the cycle corresponding to the 
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electrocardiographic Q-wave and continuing to the next auricular driving 
stimulus. 
Tests were made at normal temperature and during progressive hypo-
thermia at heart temperatures of 35°, 33°, )0°, and every two degrees 
thereafter to Z0° C. or to ventriculi9.r fibrillation. The cycle length 
below Z0° C. is of such duration in terms of the maximum possible delay 
behreen driving and testing stimuli that measurements could not be made at 
lower temperatures. 
In the control series of experiments carried out at normal tempera-
tures, ventricular excitability was measured every ZO minutes for a period 
of Z hours and 40 minutes. This frequency of testing, and the total period 
approximated those in the hypothermic animals. 
Any additions to or variation.s in the methods described above will 
be presented in their appropriate places in the following section. 
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I II. R,asult s 
1. Influence of Anesthesia on the Incidence of Ventricular Fib-
rillation in the HYpothermic Dog: The observations on those dogs in which 
only the nature of the anesthetic was varied are given in table I. The 
mean terminal temperatures of both heart and rectum in pentobarbitalized dogs 
were significantly higher than those of thiopentalized or etherized dogs 
(P = <0.01). The incidence of ventricular fibrillation (V.F.) was also sig-
nificantly greater than obtained under thiopental anesthesia (Chi square = 
<O .05). The difference between pentobarbital and ether anesthesia in this 
regard could not be statistically treated since the number of etherized 
dogs which fibrillated was too small to allow an analysis by the Chi square 
method. However, the figures stro~~ly suggest that etherized hypothermic 
dogs are less prone to develop ventricular fibrillation. 
In order to obtain a clearer p:Lcture of the influence of V. F. on mean 
terminal temperatures, the temperat1ITe data were subdivided according to the 
mode of death of the animals in the several series, and are summarized in 
table 2. ;Regardless of specific an13sthetizing agent, V. F. took place at 
a higher temperature than did asystolic deaths. 
2. Influence of Blood Pressur13 and Pulse Rate on the Incidence of Ven-
tricular FHrillation in the Hypoth,ermic Dog. Because of the practical im-
portance for clinical purposes of the observations of Bigelow et al. (5) 
that the cardiac arrhythmias and V. F. of hypothermic origin were. the con-
sequence of high central venous pressure, and that venesection controlled or 
reversed the phenomenon, the collection of further data on the subject appeared 
imperative. 
Venesection was performed on 16 pentobarbitalized dogs in the follow-
ing manner: One-ninth of the calcu1ated blood volume was withdrawn via 
jugu1ar catheter at each of three rectal temperatures, JO, 25, and 20°, for 
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TABLE 1. COMPARISON OF TERMINAL TEMPERATURES AND IDDE OF DEATH IN HYPO-
THERMIC OOGS UNDER DIFFERJ~NT ANESTHETIC AGENTS 
Pentob~trbi tal Ether Pentothal 
Tote.l no. in series 19 10 21 
No. with terminal heart 16 9 19 
temp.recorded 
Terminal rectal temp. 18 .l~? 15.23 15.65 
i ± s °C 0 ±2.B3 ±2.85 ±2.79 
P t test* <O .01 <O.Ol 
Terminal heart temp. 19.59 16.88 17.17 
x ± s 0 0. ±:4.92 ±2.46 ±1.99 
P t teat* <O.Ol <0.01 
Number fibrillating 11/19 3/10 6/21 
57 .'1% JO.o% 28.6% 
+ 
Chi2 :j: <0.05 
Nwnber dying in asystole 8/19 
41.1% 
7/10 
?a% 
15/21 
81.4% 
* Statistically significant when 0.05 or less. Refers to comparison with 
pentobarbitalized dogs. 
+ Statistically significant when 0.05 or less. Refers to comparison with 
number of pentoba.rbitalized dogs fibrillating. 
+ Number of dogs fibrillating too small to allow statistical analysis by 
Chi2 method. 
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TABLE 2. COMPARISON OF TERMINAL HEART AND RECTAL TEMPERATURES OF HYPOTHE...~IC IDGS 
DYING FROM FIBRILLATION O:R ASYS'IDLE UNDER DIFFERENT ANESTHETIC AGENTS 
:Pentobarbital Ether Thiopental 
Terminal rectal temp. of 20.16 18.90 18.53 
fibrillators: x ± s °C. ±2.07 ±0.40 ±2.24 
Terminal heart temp. of 20.94 20.80 19.47 
fibrillators: x ± s 0 0. ±1.28 ±1.70 ±1.61 
Terminal rectal temp. of 16.14 lJ .66 14.49 
asystolic deaths: i ± s oc. ±1.94 ±1.59 ±2.08 
Terminal heart temp. of 17.86 15.76 16.10 
asystolic deaths: ~ ± s oc. ±0.90 ±1.00 ±1.01 
a total reduction of :33% in circulating volume. The data are summarized in 
table 3. No beneficial effect could. be noted despite a presumed reduction in 
central venous pressure (fig. 1). 'I'he frequency of V. F. was unaffected by 
the procedure, as was the heart temperature at which it occured. Only the 
mean terminal rectal temperature was lowered, which is of relatively little 
importance. The heart was not appre:ciably influenced by that amount of 
exsanguination (fig. 2) and it would. appear, therefore, that the work out-
put of the heart per minute was lessened with no beneficial effect vis a. vis 
V. F. 
In addition, the possibility that an unduly high arterial pressure and/ 
or pulse rate at lower temperatures might be factors predisposing to cardiac 
arrhythmias and V. F. was tested in an analysis of data from nine pentobarb-
i talized dogs. Five of the nine die:d of V. F. at an average rectal tempera-
ture of 20.2°, the remaining four su£fering asystolic deaths at lower temp-
eratures. The mean prefibrillary blood pressure and pulse rate for the five 
instances of V. F. were 64 mm Hg and. 33 b.p.m. At the same mean temperature 
(20.2°) the corresponding data. for the four dogs which subsequently succumbed 
in asystole were 62 mm Hg and 37 b.:p.m. Thus there was no evidence that the 
mechanical factors of arterial pressure and pulse rate accounted for the 
differences in mode of death. Moreover, lowering the blood pressur~ via 
venesection did not diminish the frequency of v. F. as shown above. 
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3. Role of Epinephrine in Hypothermic Ventricular Fibrillation: Although 
release of endogenous epinephrine in hypothermic animals bas not been proven 
experimentally, the possibility of such a release could not be overlooked, 
especially since epinephrine is known to induce arrhythmias and v. F. under 
certain normothermic conditions (e.g. cyclopropane anesthesia). If epineph-
rine was an important causative factor in hypothermic V. F., then adrenergic 
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TABLE J. COMPARISON OF TERMINAL TEMPERATURES AND l-DDE OF DEATH IN UNTREATED 
AND TREATED HYPOTHERMIC InG-S. 
Category Pen to barb- Dibenamine Dibenamine Epinephrine Venesection 
ital or and 
SY-21 .Epinephrine 
Total no. in 
series 19 12 20 10* 16 
No. with terminal 
heart temps. 16 6 20 10 16 
Terminal rectal 18.47 19.57 14.76 15.90 14.96 
temp. ,i ±s oc. ±2.8) ±J.Ol ±3.51 ±1.78 ±1.87 
P t test+ >0.4 <O.Ol <0.02 <0.01 
Terminal heart 19.59 21.10 17.89 18.25 18.69 
temp., i±s oc. ±1.92 ±1.75 ±2.81 ±1.95 ±1.80 
p t test+ )0.1 <0.05 >0.05, <0.1 )0.1 
No. fibrillating 11/19 10/12 10/20 6/10 9/16 
57.9% 8J.J% 50% 6o% 56.'4 
Number dying in 8/19 2/12 10/20 4/10 7/16 
asystole 41.1% 16.6% 5o% 40% 4J .8% 
Terminal heart temps. 
of fibrillators 20.94 21.10 20.05 19.17 19.61 
x±s oc. ±1.28 ±1.75 ±2.08 ±1.96 ±1.41 
Range, °C. 19.5-22.0 18 .5-:2) .o 17.5-23 .o 17.5-22.5 18.0-21.5 
* The figures do not include 1 dog which died immediately following the 
epinephrine injection. 
+ Statistically significant when 0.05 or less. Refers to comparison with 
control pentooarbitalized dogs. 
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blockade should have diminished the incidence of this mode of death. Thus 
Dibenamine (20 mg./Kg.) and SY-21 LN-ethyl-N-(2-chloroethyl)-9 fluorenamine. 
HCi7 (2 mg./Kg.) were administered to two groups of pentobarbitalized dogs 
prior to immersion. Since no differences were detectable between the two 
groups the data were combined and are presented in table J. As indicated 
by the over-all figures these drugs not only lacked any protective action, 
but may in fact have been deleterious, as judged from the greater frequency 
of V. F. which occurred at a higher mean temperature. 
Since the condition of hypothermic dogs pretreated with adrenergic 
blocking drugs appeared less favorable for survival than untreated controls, 
the question was raised whether such blockade might in fact be eliminating 
some unsuspected beneficial eff ect of epinephrine, and simultaneously off-
setting the anticipated protective action of blockade. To test this pos-
sibility, epinephrine was administered to ll pentobarbitalized hypothermic 
dogs at a rectal temperature of 24° in a dose of 10 gamma/Kg. Table J 
contains the experimental results in summary form. In only one dog did 
epinephrine initiate arrhythmias and v. F. immediately after the injec-
tion. This dog was excluded from the series for the data analysis. The 
remaining 10 dogs showed no abnormal rhythms in consequence of the injection 
apart from a moderate transitory increase in pulse rate. Although the fre-
quency ·of fibrilla tion deaths was the same after epinephrine as among controls 
(60% vs. 58%), fibrillation tended to occur at a lower temperature in the 
former. Thus lOa% of the ll fibrillation deaths among controls occurred at 
or above 19.0° (heart temperature), whereas only 34% of 6 such deaths 
after epinephrine treatment occurred at or above this temperature. 
The effects of adrenergic blockade on blood pressure are also of some 
interest since they support the previously stated conviction that v. F. is 
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not a consequence of the strain of expelling blood against a high resistance. 
Figures 1 and 2 contain plots of the means of arterial pressures and pulse 
rates, respectively, for controls and for blockaded animals. Although only 
a minor influence on pulse rate was exerted by such blockade, the effect on 
blood pressure was marked, amounting to a depression of 50 mm. Hg through 
a considerable portion of the cooling period. At 24° it was still 28% 
lower than the control level. There was thus a gre~ter decrease in the 
work of the heart than obtained after venesection. 
The combination of exogenous epinephrine plus adrenergic blockade 
remained to be tested before abandoning further work on epinephrine in re-
lation to V. F. in particular and hypothermia in general. Twenty dogs were 
pretreated with Dibenamine and cooled to 24° at which time 10 gamma epineph-
rine was administered/Kg. body weight. The sole observable difference in 
this series from controls was that those dogs which escaped V. F. survived 
to a lower mean temperature than the non-fibrillating controls. The first 
three dogs of the series cooled to heart temperatures of 13.6-14.5° before 
asystole, and it .~ppeared that a useful combination of agents had been 
found to prevent v. F. The illusion was shortlived. Nevertheless it was 
the low survival temperature of the non-fibrillating animals which accounted 
for the lower mean terminal temperature for the series as a whole. The 
incidence of V. F. was not affected by the treatment. 
4. Ventricular Excitability as Affected by HYpothermia: Direct measure-
ments of ventricular excitability were carried out in order to test the 
assumption that a low ventricular threshold is the immediate factor responsible 
for hypothermic ventricular fibrillation. 
a. Diastolic Ventricular Excitability. In the initial group of ex-
periments diastolic threshold alone was determined. Preliminary experiments 
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were made in a control series of 7 normothermic pentobarbitalized dogs over 
a period of 2.7 hours as previously described. Figure 3 summarizes the 
data obtained on these 7 control dogs. (Dog no. 4 is treated separately in 
curve B for reasons which will be presented). The individual thresholds of 
6 dogs during the first hour of testing varied over the range 2.16->2.73 ma. 
The ranges with time are given by the vertical lines in the upper portion of 
the figure. After 80 minutes the thresholds of all 6 dogs rose above 2.73, 
whi ch was the maximum deliverable intensity and which is indicated by the 
dashed horizontal line. The data obtained by Orias et al (30) under similar 
conditions suggest a maximum threshold near 3 ma. for this point in the 
cardiac cycle (peak or distal limb of T-wave), and there is little reason 
to suppose it diffendgreatly in these experiments. The point to be em-
phasized is that diastolic excitability appeared to diminish to a basic 
normothermic level with time after pentobarbital administration. Only if 
heart temperature decreased considerably did the curve for threshold differ. 
Thus the one dog of the control series whose heart temperature in the course 
of testing dropped to 33° after 140 minutes also showed a sudden and marked 
decrease in threshold to 1.71 rna. (curve A, figure 3). That this lowering 
of threshold was a temperature phenomenon was attested by results obtained 
in the subsequent hypothermia studies to be presented. 
A quite different explanation must account for the initial and main-
tained low threshold of dog no. 4. Extrasystolic action was noted in the 
ECG record immediately after anesthetization and prior to thoracotomy. 
The high excitability and consequent arrhythmias must, therefore, have been 
due to factors other than the experimental procedures. This chance obser-
vation also appeared to assure that the experimental method was sufficiently 
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Figure J. Ventricular Threshold vs. Time Under Pentobarbital 
Anesthesia. Upper part of the figure shows the range of 
thresholds in 6 of the 7 normothermic control dogs. The 
dashed lines indicate threshold values in excess of 2.73 ma. 
Curve A represents a fall in threshold in one dog whose heart 
temperature dropped to JJ°C. during the experimental procedure. 
Curve B shows the threshold in a second dog which exhibited 
ventricular ectopic beats throughout the experimental procedure. 
sensitive to detect alterations in excitability which are thought to underlie 
ventricular arrhythmias generally. 
In the second series of 15 dogs the induction of hypothermia by im-
mersion in cold water was the sole additional variable over the conditions 
obtaining in the pentobarbital controls. The data on these are summa.rized 
in the plots of figure 4. Analysis of the data on completion of the ex-
periments revealed that one was apparently dealing with two distinct sub-
groups, the distinction being particularly clear at low temperatures and 
at terminus. These subgroups could be distinguished on the basis of two 
apparently related phenomena: a) the degree of threshold lowering with 
temperature at the heart and b) the character of terminal cardiac action, 
i.e. V. F. vs. asystole. The upper curve, A, of figure 4 is a plot of the 
means of the thresholds of 3 dogs (subgroup A) all of which cooled to 16-18° 
before death in asystole. The numbers at each plotted point are the standard 
deviations, which become progressively smaller at the lower temperatures. 
Curve B is a similar plot for the 12 dogs of subgroup B, 11 of which died 
of V. F. between 26 and 20°, 
Thus the results are indicative of a close correlation between a 
decrease in diastolic threshold at low temperatures and ventricular fibrilla-
tion. As shown in figure 4 the 12 dogs depicted in curve B exhibited low 
thresholds at low body temperatures and 11 of this group succumbed to V.F., 
whereas the 3 dogs in curve A with relatively high thresholds terminated in 
asystole. Moreover, the difference between the means of the subgroups was 
highly significant below 26° (P = <O.Ol), The mean threshold even for sub-
group A in the lower temperature range was significantly lower than that of 
the controls at a corresponding tim~which suggests that hypothermia decreases 
the diastolic threshold of all dogs regardless of the terminal cardiac event. 
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Since the pre-immersion anesthetic was found to influence the incidence 
of hypothermic ventricular fibrillation, diastolic ventricular excitability 
was measured next in a group of control and hypothermic dogs anesthetized 
with thiopental. Three dogs constituted the control thiopental series in 
which diastolic threshold was determined in the same manner as above. Table 
4 contains the pertinent data. As is shown, the first 2 dogs displayed a 
low threshold during the initial 40 minutes but returned · to a level exceeding 
2.73 ma. at l hour and remained there throughout the remainder of the ex-
perimental procedure. The third dog showed a threshold of >2.73 ma. during 
the entire testing period. Since no basic differences were observed between 
the thiopental and pentobarbital controls, no further control studies were 
carried out under thiopental anesthesia. 
As indicated in figure 5 the 15 thiopentalized dogs subjected to 
hypothermia could also be separated into 2 subgroups, and for the same 
reasons as were outlined above. Curve A is a plot of the means of the thres-
holds of 5 dogs which had high terminal thresholds and which cooled to 15-18° 
and asystole. Curve B is a similar plot for 10 dogs which had low pre-terminal 
threshol~and which with three exceptions suffered V. F. between 23° and 19°. 
The initial mean threshold was lower than obtained under pentobarbital, al-
though the ranges were of the same order in the two series and the respective 
subgroups. The rise to a peak, or plateauing to, 28-}0° is thought to be 
related more intimately to time than to cooling, since those control dogs 
with initially low thresholds showed similar rises during the corresponding 
time span of 1 hour. The reversal of the trend at lower temperatures was 
probably due to a developing respiratory acidosis during cooling. Again the 
differences between the mean thresholds of the subgroups becomes significant 
statistically at 24° (P = <O.Ol) and all of the dogs at low temperatures showed 
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TABLE 4. THIOPENTAL CONTROLS. VJThT'I'RICULAR THRESHOLD IN MA. AS A FUNCTION 
OF TIME AFTER ATTACHMENT OF STIMULATING ELECTRODE AND CHEST CLOSU'R.E. 
Dog number 20 
1 1.08 
2 1.80 
3 >2. 73 
Time in .Minutes 
40 
1.08 
1.08 
>2.73 
60-240 
>2.73 
>2.73 
>2.73 
TABLE 5. RANGE OF HEART TEMPERATURE I N 111HICH VENTRICULAR FIBRILLATION OC CURS 
I N HYPOTHERMIC IDGS UND»t PENTOBARBITAL AND THIOPENTAL ANESTHESIA. 
Heart Temperature in °0. 
26 25 24 23 22 21 20 19 
Pentobarbital 1 4 2 3 1 
Thiopental 2 2 2 1 
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a significantly lower threshold thandid the control dogs at a correspond-
ing time. 
One more point is worthy of mention. Not only was the incidence of 
v. F. greater when hypothermia was induced under pentobarbital anesthesia 
(compared with thiopental), but it occurred at higher temperatures, as is 
shown in table 5. This relation had been noted previously in experiments 
in which thoracotomy was not performed. 
b. Ventricular Excitability Cycle: In consequence of the observations 
on diastolic threshold, it was decided to extend the study to include ex-
citability measurements throughout the cardiac cycle. 
Owing to limitations in range of current strength (max.= 2.73 ma.) 
only qualitative measurement of ventricular threshold was possible in 5 
of the 15 dogs prior to induction of hypothermia. In these 5 experiments 
the thresholds at normal temperature remained above 2.73 ma. throughout the 
entire cycle. In the remaining 10, quantitative threshold values were ob-
tainable at two distinct periods in the cycle: a) during diastole, from the 
peak of the T-wave of the ECG to the end of the cycle, and b) at that region 
of the cycle referred to by Orias ~ al. (30) as the "major dip". The 
threshold at all other points remained a.bove 2.73 ma. In the ten instances 
in which it appeared, the major dip was conspicuous. It appeared generally 
at 80-100 m.sec. after the Q-wave of the ECG, and endured for 10 to 40 m.sec. 
The mean threshold at the major dip was 1.6 ma. Ten to 40 m.sec. later the 
ventricles were again unresponsive to 2.73 ma., and remained so until the 
dias t olic excitability returned at and after the T-wave. This affords 
confirmatory evidence that the excitability recovery curve is not smooth, 
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but is interrupted by dips in which the threshold is less than in adjacent 
port i ons of the cycle as indicated previously by Wiggers (31) and Orias et al.(30). 
For simplicity and brevity the elapsed time from the Q-wa.ve to the 
major dip may be designated Q-D. 
Following the control measurements each of the 15 dogs was subjected 
to immersion hypothermia, during which similar excitability tests were 
made at J5°, J0°, and 25°. In only l dog did the threshold remain above 
~.?J ma.. at all points ! n the cycle at all temperatures. In 14 dogs during 
cooling, threshold coul.d be reached at and after the T-wave and at the 
major dip. In 6 dogs threshold vms also reached at a third point in the 
cycle, the region designa.ted by Orias et al. (30) as the minor dip. The 
eff ect of hypothermia on the several points of the cycle will be described. 
In confirmation of an earlier observation it was again noted the,t the 
ventricular diastolic threshold was lowered in hypothermia, in this series 
from a mean of 2. 2 rna. at normal temperature to 1. 7 ma.. a. t 25 ° , the range 
again being cons i derable. The effect of hypothermia on threshold was not, 
however, confined to the diastolic portion of the cycle but extended to the 
dips as well. The limitations of stimulus intensity prevented discovery of 
the extent to which other parts of the cycle were affected. With respect 
to the major dip, hypothermia lowered its mean threshold from the normal of 
1.6 rna. (10 dogs) to 1.12 ma. at 25° (14 dogs). The fall in temperature also 
increased the Q-D interval, proportionately to the prolongation of the cycle 
as a whole (figure 6), so that its relative position in the cycle remained 
fairly constant. However, the relation between Q-D and temperature was more 
strict than that between Q-D and cycle length (as shown in the inset of 
figure 6}. Thus at J5°, the cycle length was equal to that at normal tempera-
ture but the Q-D interval had increased. The Q-D interval and the diastolic 
and major-dip thresholds for a representative of the group are presented 
quantitatively in figure 6 as measured at normal temperature and at a heart 
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Experiment. Inset depicts the relationship between the 
Q-D interval, pulse rate, and heart temperature, the 
curves indicate that the increase in the Q-D interval is 
more closely related to temperature than to heart rate. 
temperature of 25°. It will be noted that in this case the major dip 
threshold \¥as lower than the diastolic at both temperatures. 
As heart temperature dropped to 30° or lower a second dip appeared in 
the recovery curves of 6 of the 15 dogs at a point ranging from 40-80 m.sec. 
after the start of the QRS (figure 8). Extrapolating to normal temperature 
this would correspond to the "minor" dip of Orias et al. (30). However, 
whereas these investigators reported that the minor dip could be demonstrated 
at normal tempera.ture only by use of current strengths of 20-30 ma., it was 
found in the present experiments that during cooling to 30° or lower,threshold 
could be reached with stimuli as weak as 0.3 ma. (an 80-100 fold change com-
pared to the less than 2-fold change in diastolic threshold). Such low 
thresholds at the minor dip occurred in 3 of the 6 dogs. The mean for the 
group was 0.99 rna. It is possible that the minor dip threshold of all 15 
dogs was lowered to some extent by the hypothermia, but not sufficiently to 
come within reach of our maximum stimulus strength. It should be mentioned 
that in all 6 cases the minor dip threshold was lower than the diastolic at 
the same temperature, despite its early position in the cycle. 
It has been known since the work of Marey (J2) that the earlier in the 
cycle the adequate test stimulus is applied the longer is the ventricular 
latency. The work of Orias et al. (JO) showed that this holds for the entire 
cycle, such that the ectopic response always occurred at approximately the 
same point in the cycle regardless of how early in the cycle the stimulus 
was applied. The relationship was not altered by hypothermia. Only the 
durations of the latencies were increased. In figure 7 are shown the latencies 
of responses to shocks applied early in diastole and at the major and minor 
dips, and the extent to which they were prolonged with falling heart tempera-
ture. 
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A characteristic wave appeared in the electrocardiograms of each of 
the 6 dogs in v1hich the minor dip threshold became measureable. As portrayed 
in figure 8 , it developed characteristically as an upward deflection from 
the termiD.B,tion of the QRS complex. A similar wave was observed by Osborn (23) 
in the electrocardiograms of some hypothermic dogs, and which he likened to 
or identified with the injury potential seen clinically. Whether it is 
identical with the injury current as heretofore defined perhaps awaits 
further study . Its shorter duration is one characteristic which appears to 
distinguish it from the clinical injury current. It will nevertheless b~ 
designated injury current for the present, but with reservations. 
The characteristic wave in the ECG and the low threshold at the minor 
dip always appeared together, and in no case at a tempera.ture above 30°. 
The first appearance was in some instances at temperatures as low as 20°. 
Once these phenomena appeared they persisted to terminus. 
The temporal coincidence of the minor dip and the injury potential 
is shown in figure 8. The data for the figure are from a single representa-
tive dog at 25°. It should be pointed out, however, that with respect to 
the ECG, only the injury potential is necessarily characteristic. The re-
mainder of the Q-T portion of the cycle may possess any of a number of 
characteristics, none of which have thus far been found to correlate with 
any specific feature of hypothermia. 
Osborn (23) also noted a correlation between the presence of an 
injury potential in the ECG and death from ventricular fibrillation. It 
seemed of interest, therefore, to study the records of an additional 34 dogs 
previously rendered hypothermic under pentobarbital anesthesia. The results 
of the total of 49 dogs is as follows: a) )6 of 49 dogs succumbed to ven-
tricular fibrillation betvTeen 25° and 19°. b) 28 of 36 fibrilla tors ( ?8% ) 
JJ 
exhibited injury potentials some time prior to fibrillation. c) The injury 
potential appeared also in 6 of 13 non-fibrillators (first appearance in 
each case near 20°). d) In general the injury potential might make its 
appearance at any temperature below 30° and then persist to terminus. It 
appears, therefore, that the presence of the ECG abnormality is of prognostic 
importance in dogs subjected to immersion hypothermia. 
5. pH: Its influence on ventricular excita~ility and ventricular 
fibrillation in the hypothermic dog: In view of the reports of Swan et al. 
(22) and Osborn (23) that hyperventilation was capable of preventing ven-
tricular fibrillation in hypothermic dogs, some of which were subjected to the 
added stress of circulatory occlusion and experimental cardiac surgery, the 
question arose whether the observed alterations in ventricular excitability 
under hypothermic conditions were ascribable predominantly to the factor of 
pH or to temperature, or to some combination of these and as yet unknown 
factors. Thus threshold measurements were made in normothermic dogs rendered 
acidotic and in two groups of hypothermic dogs. In the initial hypothermic 
series the pH was maintained fairly constant throughout the cooling process 
while a degree of respiratory acidosis was allowed to occur in the second 
set of experiments. 
Five normothermic dogs were caused to breathe a 20% COz-Oz mixture 
for a period sufficient to lower the blood pH from an initial mean of 7.28 
(range 7.24-7.34) to one of 6.56 (range 6.49-~.7). During the period of 
hypercapnia stimuli of 2.73 rna. or less ultimately were capable of rea ching 
threshold at three distinct regions of the cardiac cycle. The only portion 
of the cycle whose threshold was less than 2.73 rna. at normal pH was that 
designated as the major dip (30). That is to say the diastolic threshold 
was greater than that at the major dip in each of these 5 dogs prior to 
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induction of hypercapnia, Moreover, the latter remained rela tively constant 
throughout the ensuing period of respiratory acidosis, as shown in figure 9. 
The diastolic threshold fell below 2.73 ma, only after pH had dropped 
to 7,0, and in most instances to 6.9. The mean low threshold at an average 
pH of 6.56 was 2 rna. 
The most marked alteration in threshold occurred at the minor dip, 
i.e. some J0-60 m,sec. after the inscription of the Q-wave. Here the 
threshold dropped from 20-JO rna. at normal pH (J) to a mean of 1,1 at 
pH 6.56. Whether thresholds of other portions of the cycle were altered by 
the hypercapnia cannot be stated. The pH at which the several thresholds 
became accessible to the relatively weak stimuli employed, and the magnitude 
of the further pH influence are depicted in figure 9. 
To test whether these phenomena were specific for hypercapnia or were 
pH characteristics, the following additional procedures were instituted in 
two of these experiments: The pH was allowed to rise to a value somewhat 
in excess of 7.1 at which point the thresholds at the minor dip and diastole 
became again inaccessible. At this time an intravenous injection of 5 ml. 
of J% lactic acid lowered the pH to a value less than 6.9 and caused a re-
~stablishment of the low threshold at both the minor dip and diastole. 
While this does not prove that the thresholds are pH-sensitive rather than 
co2-sensitive, it is at least highly suggestive. 
It was again observed that the hyperexcitable state of the minor dip 
was in each instance accompanied by an injury potential in the ECG which 
appears to be causally related to the extreme excitability in this region of 
the cycle. Under normothermic conditions the injury potential, like the 
excitable states at the minor dip and diastole, can be made to appear and 
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disappear a.t will by controlling pH via pC02 or (apparently) fixed a.cid. 
Altsltule (34) also bas reported that in unanesthetized human subjects 
rendered hypercapneic the most marked electrocardiographic alteration was 
the appearance of an injury potential. 
The influence of hypothermia uncomplicated by respiratory acidosis 
was then studied in 15 dogs whose blood pH was maintained between 7.3 and 
7.6 by controlled artificial respiration. The dogs cooled to a mean tempera-
ture of 16.9° ± 1.6, and every experiment terminated in asystole. Diastolic 
thresholds were studied in every experiment during the period of cooling to 
20°. In 12 dogs it remained above 2.73 rna. tltroughout this time (figure 10) 
and in 3 it dropped to a mean of 1.95 rna. at 30°. As is shown in figure 10, 
the lowes t threshold for these animals coincided with the period of lowest 
pH, and subsequently rose vii th pH. Temperature per ~ appeared, therefore , 
to exert little influence on the diastolic threshold. 
The excitability of other portions of the cycle was studied in 5 of 
the 15 dogs of the series. The major dip threshold, the mean value of which 
at normal temperature was 2.4 rna., decreased to 1.7 at 25°, beyond which 
temperature it was not measured. In no case was threshold reached at the 
minor dip, nor did an injury current appear in the ECG records at any time 
during cooling to terminus. It should be pointed out at this time that an 
excessive degree of alkalosis may also incite to ventricular fibrillation~ 
although this possibility bas not been extensively studied. In two additional 
dogs the pH was unintentionally elevated to 7.8 by drastic hyperventilation 
and both succumbed to v. F. above 20°. Osborn, too, has reported that V.F. 
was more prone to occur in hypothermic dogs whose pH exceeded 7.6 during the 
early stages of cooling ( 23). 
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Figure 10. Diastolic Excitabi lity as ~fected by Temperature Alone. 
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process. 
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Thirteen dogs were cooled to 26° while respiring spontaneously, and 
thence to terminus during artificial respiration with a J% co2-o2 mixture. 
The initial mean pH of 7.J had decreased to 7.12 at 26° and then rose to 
7.15 at 22°. On the basis of diastolic thresholds at the lower temperatures 
a separation into 2 subgroups was made employing tJ_1e same criteria a.s those 
described in section 4. In the smaller subgroup were J dogs whose thresholds 
dropped from a mean value greater than 2.7) ma. to a low of 2.0. All J dogs 
cooled to asystole between 16° and 18°. The thresholds of the larger group 
of 10 dogs dropped to a mean of 0.8 ma. at 22°. Nine of the latter group 
(69% of lJ animals) succumbed to V. F. between 26° and 20°. No difference . 
was detectable bet'v1een the two subgroups in regard to mean pH at any level 
of hypothermia. The diastolic thresholds in relation to both temperature 
and pH for each of the subgroups is presented in figure 11. 
In 6 of the lJ dogs complete cycle studies were made with the following 
results: a) At the major dip the threshold fell from a normal mean of 2.4 
ma. to 1.5 at 25° (mean pH= 7.13). This value differed from that obtained 
earlier under conditions of normal blood pH (in an equally small series) 
by only 0.2 rna. b) An injury potential and a very low threshold at the 
minor dip obtained in 4 dogs at 25° or higher. One of these was caused to 
fibrillate accidentally during testing, by application of a stimulus of 
2.73 ma. at the minor dip. The other 3 fibrillated spontaneously. Of the 
2 remaining dogs 1 fibrillated at 25°, and the other cooled to asystole at 
16°. An injury potential and a low minor dip threshold were absent in both 
cases. 
Once it was established that V. F. could be controlled by maintenance 
of a near normal pH it remained to be determined whether protection could 
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Figure 11. Diastolic Excitability ~s Affected by Temperature and pH. 
Dashed line indicates threshold values exceeding 2.73 ma. 
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also be afforded by reversal of an established acidotic state. To answer 
this question 10 dogs were caused to become hypothermic and acidotic, as 
above. The mean pH for the group at 25° was 7.16. At this point artificial 
hyperventilation was instituted, such as to cause a rise in pH to ?.5 within 
5-10 minutes. 
Seven of the 10 dogs (?o%) died of V. F. between 23° and 18° (30-90 
minutes after the start of artificial ventilation). That is to say hyper-
ventilation had neither a beneficial nor deleterious effect once the 
acidotic state had been allowed to develop. Miller et al. (35) found that 
when acidosis was induced in normothermic anesthetized dogs a sudden 
restoration of normal pH predisposed to V. F. within 2-10 minutes. Thus 
the normothermic heart is apparently more sensitive to rapid changes in pH 
than is the hypothermic heart. 
The injury current was present in the ECG records of each of the 
7 fibrillators and in l which cooled to asystole. EYperventilation, with 
restoration of blood pH to ?.5, failed to cause its disappearance in a 
single experiment. In this regard the situations in normo- and hypothermia 
appear to differ qualitatively. 
Thresholds were not determined in this series of experiments, but 
there was little reason to doubt that they were similar to those in the 
immediately preceding series. 
6. Eff~cacy of Several Pharmacologic Agents in the Control of 
aypothermic Ventricular Fibrillation: Although the results reported herein 
(section 5) and by other investigators (22, 23) indicate that hypothermic 
ventricular fibrillation is controllable by physiologic means, an effective 
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pharmacologic antifibrillary drug is still needed in cases of accidental 
human exposure to hypothermia. Thus several agents which have been shown to 
have antifibrilla ry properties in normothermia were studied to determine 
their usefulness under hypothermic conditions. 
a. Dilantin sodium: Harris et al. (J6) had observed that dilantin 
sodium (phenylhydantoin sodium), an anti-epileptic agent, was capable of 
suppressing ectopic ventricular discharges which followed experiment al 
coronary occlusion. On the basis of this report it was decided to test the 
eff ectiveness of dilantin on hypothermic ventricular fibrillation. 
Dilantin sodium was administered intravenously to 9 dogs at a body 
temperature of 25°, and to one at 29°, in doses varying from 8-50 mg./Kg . 
Its influence on terminal temperature and mode of death are given in table 6. 
Although a diminution in the incidence of V.F.Wis affected thereby, no sig-
nificant lowering of the lethal temperature over that of the pentobarbital 
controls (section 1) was achieved. This is explained by the fact that dilantin 
caused a degree of bradycardia which, superimposed on that induced by the 
temperature per se, resulted in asystole in non-fibrillating dogs at tempera-
tures approximating those at which v. F. ordinarily occurs. 
b. Procaine amide: This is probably the best known of the anti-
fibrillary drugs. It bas been extensively used clinically both orally and 
by intravenous and intramuscular injection, and reported to be the drug of 
choice for protection against ventricular tachycardia and fibrillation (J?, 
)8, 39). However, procaine amide had not been used in hypothermia. 
Thus 15 dogs were treated with procaine amide, of which 11 were given 
5-25 mg./Kg. intravenously at a mean body temperature of 25.8°, There-
maining 4 dogs were given intramuscular injections just prior to immersion. 
TABLE 6. COMPARISON OF TERMINAL HEART AND RECTAL TEMPERATUR&'3 AND INCIDENCE 
OF VENTRICULAR FIBRILLATION IN NORMAL AND TREATED HYPOTHERMIC DOGS. 
Category Pentoba.rbi tal Dilantin Procaine Da.corene 
Controls Amide 
No. in Series 19 10 15 14+ 
Term. Rect. Temp. 
x ±a °C. 18.47±2.83 19.50±2.71 19 .84±3 .OJ 14.49±2.99 
P, t test* 
--
>O.J )0.05 <0.01 
Term. Ht. Temp. 
x ±s :9 C. 19 .59±1.92 19. 7±1.55 20.86±1.69 16.86±2.78 
P, t test * >0.5 >0.05 <O.Ol 
4J 
No. of fibril1ators 11/19 (58%) J/10 (JO%) 15/15 (100%) 2/14 (14%+> 
Asystolic Deaths 8 /19 ( 42%) 7/10 ( 70'/o) 0 12/14 (86%) 
* Significant when p = 0.05 or less. Refers to comparison with controls. 
+ Does not include series in which threshold measurements were made. 
+ Of these dogs one succumbed 18 minutes and a second dog 2 hours after 
a single injection of 5 mg./Kg. 
Because no differences were observable between the two groups, the data 
therefrom were combined and are so presented in table 6. V. F. was the 
terminal event in all 15 dogs regardless of dose and route of administration. 
Mean terminal temperatures, blood pressures and pulserates differed little 
from the controls. It is perhaps interesting that one dog given intra-
muscular procaine amide was exhibiting extrasystolic action prior to the 
injection. The arrhythmias disappeared shortly after treatment but V. F. 
occurred nevertheless at 19.5°. 
c. Dacorene: This substance was first reported to have antifibrillary 
properties in 1939 by Bovet et al, (40). Since that time little further 
work has been done with this drug either experimentally or clinically. 
Dacorene LB-(Z biphenylyloxy)-ethyl-diethylamine.HC!7 was accorded 
the greatest attention in terms of number and kind of experiments, and al-
though it can be demonstrated statistically to be an antifibrillary agent of 
considerable stature under hypothermic conditions, it cannot yet be presented 
as the ideal agent for the purpose. The data on its antifibrillary action 
are summarized in table 6, and its effect on ventricular excitability is 
shown in figure lZ, In eight experiments the drug was administered in two 
doses of 5 mg./Kg. eachl the first one at a body temperature of Z5° and the 
second at approximately Z0°. In two experiments three such injections were 
made. There were no deaths in V. F. among the 10 dogs. 
In 4 more dogs the initial 5 mg. was again administered at a body 
temperature of Z5°. One of the 4 fibrillated 17 minutes after the start 
of the injection. A second dose of J mg./Kg. was injected into Z of the 
4 dogs at Z0°. These survived to low temperatures and ultimate asystole. 
The fourth dog received only the initial 5 mg./Kg. at Z5° and fibrillated 
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Figure 12. Diastolic Excitability in the Hypothermic Dog Following 
a Large Single Injection and Small Multiple Injections of 
Iacorene. 
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2 hours later at 17.5°. The mean heart temperature at terminus for the entire 
series of 14 dogs was 16.9° compared to 19.5° for the controls, with only 
2 cases of V. F. 
The effect of Dacorene on diastolic ventricular excitability was 
determined in 2 series of hypothermic dogs. In the first series hypothermia 
was induced in 7 dogs after fixation of the stimulating electrodes. The 
drug was a dministered in a single dose of 10 mg./Kg. at a body temperature 
of 28°, and the t i me for the injections was 12 minutes. Thresholds were 
determined prior to and immediately after the injections. As shown in the 
upper part of figure 12 the mean threshold dropped from 2.1 to 0.84 rna. during 
the 12 minut e injection period, and J dogs fibrillated during or immediately 
after the testing . The threshold in the remaining 4 returned during the 
next 20 minutes to 2.11 rna. 
Five experiments comprise the second series of excitability studies to 
determine the eff ect of smaller quantities of Dacorene. An initial dose of 
4 mg./Kg. was given at a body temperature of 28° and and additional 3 mg./Kg. 
at 24° and 21°. The lower part of figure 12 presents the effect of such 
amounts on mean diastolic ventricular threshold. In every case, as measured, 
the injection was followed by a transitory rise in theshold without, however, 
preventing the generally do>~ward trend due to the hypothermia. Bovet (40) 
had stated that repetitive administration of small doses was the more 
efficacious in normothermia , and here was startling evidence that the same 
holds true in hypothermia. The results of these experiments stand in sharp 
contrast to those in which single large injections were made. The fate of the 
5 dogs was as follows: l dog fibrillated 2 minutes after the start of the 
first injection and before excitability measurements could be made, 1 dog 
fibrillated 18 minutes after the first injection (12 minutes after testing), 
and J survived to asystole at 16-18°. In the absence of threshold measure-
ments immediately prior to v. F. , the cause of the fibrillation in the two 
cases cited cannot be stated. In the one instance fibrillation may have 
occurred: a) before the Dacorene could exert a depressant influence or 
b) because even the small amount administered in this case produced a critical 
lowering of the threshold instead of . the more usual elevation. In the second 
case the threshold was initially elevated, but it may have suffered an ex-
ceptionally steep and rapid reversal, for V. F. was preceeded by bouts of 
ectopic activity which made testing impossible at that time. 
The additional effects of Dacorene noted in the course of the above 
experiments were: 1) a more rapid drop in heart temperature than obtains 
in untreated dogs (from 28° to 24.9° in 12 minutes, compared to some 30 
minutes normally), 2) marked respiratory depression, especially depth, 3) 
transient decrease in blood pressure and pulse rate. There are apparently 
no enduring deleterious effects of Dacorene under these conditions. Four 
more dogs were rendered hypothermic and given a single injection of 10 mg./Kg. 
at a body temperature of 28°. After further cooling to 22° they were rapidly 
rewarmed in a 42° bath and observed subsequently for two weeks. They were 
normally active and friendly, and possessed normal appetites, with no 
evident adverse effects either of the hypothermic episode or the drug. 
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IV. Discussion 
The etiology of hypothermic ventricular fibrillation has evoked con-
siderable interest as was indicated in the introductory .phase of this 
report. The results presented herein implicate and eliminate certain factors 
as possible incitants to V. F. at low temperatures. 
The preimmersion anesthetic has a very definite influence on the 
terminal cardiac event in dogs rendered hypothermic. · The incidence of 
fatal ventricular arrhythmias is significantly higher in pentobarbitalized 
animals; it is difficult to state whether pentobarbital anesthesia pre-
disposes to V. F. or whether thiopental and ether exert some protective 
action. Ether is known to be a myocardial depressant and it may be this 
property which is responsible for the better showing of etherized dogs. 
That the greater frequency of arrhythmia s and V. F.occurs among 
dogs under pentobarbital anesthesia is contrary to observations made at 
normal temperature. Gruber, Gruber and Lee (41) have presented evidence to 
show that thiobarbiturates, including thiopental, ma.y cause cardiac arrhythmias, 
particularly in the presence of high arterial pressure. The oxygen analogues 
on the other hand (including pentobarbital) do not precipitate arrhythmias. 
No evidence exists at present which can explain the reversal of these 
effects by the factor of temperature. 
Epinephrine also appears to be unrelated to the ultimate mode of 
death. The adrenergic blocking drugs (Dibenamine and SY-21), which were 
shown by Nickerson and Smith (42) to prevent cyclopropane-epinephrine 
induced arrhythmias in normothermic dogs, exerted no influence in this 
direction in hypothermic dogs, although there appeared a possibility that 
endogenous epinephrine might be an excitant to arrhythmias under these 
conditions. It was more surprising on that account to discover that such 
. blockade decreased rather than increased survival to lower temperatures, and 
subsequently that exogenous epinephrine afforded somewhat better protection 
than adrenergic blockade, at least with respect to the temperature at which 
fibrillation occurred. The difference, may be due to the depressant action 
.of epinephrine on ven~ricular excitability which has been reported by 
Siebens, et al. (4J). This group observed that exogenous epinephrine in 
normothermic dogs caused only a transient rise in ventricular excitability 
followed by some depression which persisted for 5-JO minutes. The initial 
excitation probably accounts for the instance of V. F. which occurred in 
one dog immediately following injection. Whether the depressant action 
helps to explain the lesser incidence of V. F. in etherized dogs (ether 
itself causing a release of epinephrine) cannot be stated. 
No explanation can be offered for the significantly lower terminal 
heart and rectal temperatures of the Dibenamine-epinephrine-treated dogs. 
The rather pronounced drop in blood pressure following the epinephrine 
injection cannot be important in this connection, since blockade alone and 
venesection both produce considerable hypotension without increased pro-
tection. It may be significant in this connection that Malinow, Batlle and 
Malamud (44) also report no beneficial effect of hypotension in CaCl2-induced 
V. F. in the normothermic rat. Furthermore, since no significant blood 
pressure differences were observed between control dogs which fibrillate 
and those which die in asystole, there remains no reason for supposing that 
cardiac overloading predisposes to V. F. in hypothermia. 
In view of the data presented here and elsewhere (22, 23) it appears 
reasonably established that the ventricular fibrillation observed in hypo-
thermia is the consequence of a concomitant respiratory acidosis. Moreover, 
since V. F. failed to occur in those dogs in which the hydrogen ion concen-
tration of the blood was maintained fairly constant there is little reason 
to suspect that low temperature~~ predisposes to V. F. 
It is conceivable, however, that the progressive hypercapnia during 
cooling is only indirectly responsible for the initiation of ventricular 
arrhythmias at low temperature. It is entirely possible that the primary 
factor responsible for the fibrillary process is an alteration in the rate 
of passage of electrolytes across the myocardial membrane, which in turn 
is influenced to a considerable extent by changes in pH. Mackay (45) and 
Young et al. (46, 47) have presented evidence which shows that a progressive 
respiratory acidosis due to the inhalation of high oo2-o2 mixtures does cause 
a significant rise in the serum potassium concentration in normothermic cats 
and dogs. That changes in serum electrolytes are capable of inducing fib-
rillation is indicated by the following: Grumbach et al. (48) were able 
to elicit fibrillation of the ventricles in the isolated rabbit 1 s heart by 
altering the Ca/K ratio of the coronary perfusion medium. In addition, 
Harris ~ al. ( 49) reported an outpouring of pote.ssiu.m from the heart 
prior to the onset of V. F. in normothermic dogs subjected to coronary 
ligation. It remains to be proven whether such electrolyte shifts are 
also responsible for the ventricular irregularities in hypothermia. In this 
connection Elliot and Crismon (50) have shown that the hypothermic rat•s 
heart is extremely sensitive to injected KCl. 
The anti-arrhythmia agents employed during the course of this in-
vestigation have not proven completely effective under hypothermic con-
ditions. The results indicate that nilantin sodium markedly depresses the 
cardiac pacemaker. This depression superimposed upon that induced by low 
temperatures renders ·n ilantin practically useless for accidental human 
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hypothermia. It does reduce the incidence of V. F. but does not promote 
survival to a lower mean temperature than that of the controls. Moreover, 
the range of dosages here employed (10-50 mg./Kg.) was well below the 90 
mg./Xg. which has been reported sufficient to cause death in normothermic 
dogs within 72 hours (51). 
Procaine amide obviously is also too toxic in hypothermia to be of 
any value (100% V. F.). Perhaps this should not come as a complete surprise. 
Even in the normothermic state it may cause arrhythmias (37, 52) and ven-
tricular fibrillation (38, 39). Thus in the hypothermic state the additive 
arrhythmia-producing effect of hypothermia and the drug apparently was 
sufficient to induce ventricular fibrillation in all cases despite the use 
of procaine amide in dosages which are not considered toxic at normal body 
temperatures. 
Dacorene, on the other hand, despite some unexplained failures, 
definitely reduces the incidence of V. F. when administered in small 
doses. It appears to do so by brief depression of ventricular excitability, 
and with only a very transitory effect on the S. A. node. The results in 
general agree with those of Bovat et al.(40) who found that in normothermic 
dogs treated with staggered doses of Dacorene up to 35 mg.j'E;g., the 
voltage required to produce V. F. was 50-100 times that required in un-
treated controls. Moreover they report that under these conditions 
dacorene was 10 times as potent as quinidine. However, in view of the 
failures reported Dacorene cannot as yet be prescribed as the ideal agent 
for the prevention of hypothermic ventricular fibrillation. 
The excitability measurements made during this experimental study 
confirm the hitherto as.su.med thesis that ventricular arrhythmias at low 
temperatures are the result o~ ~~!n?reased_ve~t~icular irritability. It is 
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interesting to note in this regard that Noell and Briller (53) also found a 
marked increase in the excitability of the central nervous system in rabbits 
submitted to hypothermia. 
In addition to the obvious correlation which exists between a low 
ventricular threshold and fibrillation in hypothermia, the results obtained 
also are confirmative of previously published reports (JO, Jl) that the ex-
citability recovery curve of the mammalian ventricle is irregular and (in 
hypothermia) interrupted by phases during which excitability may momentarily 
be equal to or even exceed the diastolic. It appears, therefore, tha.t the 
I 
time honored theory \'lhich states that, following each successive contraction, 
the heart passes through a phase of absolute refractoriness and then a phase 
of increasing excitability (relative refractory period) to a normal diastolic 
level, is an over-simplification. Certain it is that absolute refractoriness 
does not endure throughout even the major portion of systole, but may be 
limited to the first few m.secs. after the QRS even at normal temperature (JO). 
The effect of hypothermia on ventricular excitability would appear 
to be two-fold. On the one hand the entire recovery process is prolonged 
and the dips are broadened, probably in direct consequence of the slowed 
metabolic rate. Secondly hypothermia may bring about decreases in threshold 
at diastole and at the dips. However, it is shown to be the progressive 
acidosis associated with hypothermia which is mainly responsible for the 
decreased threshold at diastole and the minor dip. The excitability at the 
major dip apparently is temperature sensitive. The differential effects 
of cold and pH on ventricular threshold at diastole and the dips is indeed 
unusual and difficult to explain. It is as if the excitability at these 
points in the cardiac cycle are regulated by several different mechanisms, 
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one of which is pH sensitive and the other influenced by temperature per se. 
Moreover, it is obvious in view of the results reported that ventricular 
refractoriness is not completely intrinsic to the ventricular musculature 
but, in fact, can be and is affected by the nature of the immediate environs. 
These observed fluctuations in excitability also raise the question as to 
what constitutes the real "vulnerable" period of the cycle (Jl), at least 
in respect to hypothermia. Consideration of the change in diastolic 
threshold in this connection appears superfluous for this reason: the 
electrica.l sign of the ectopics, including tha t which initia tes fibrillation, 
grows out of, or supplants, the T-wave of the previous normal cycle. Thus 
the impulse initiating the ectopic must enter at a previous time. Similarly 
the major dip would appear to be uninvolved since its threshold is lowered 
to the same extent in hypothermia whether or not acidosis develops, although 
only in the presence of acidosis does V.F. occur. The minor dip affords 
the best opportunity for impulse re-entry since its threshold is usually 
the lowest in the cycle prior to fibrillation. That an impulse impinging 
at this time may cause fibrillation is demonstrated in the instance re-
ported in the previous section. 
The data presented in regard to the electrocardiographic injury 
potentia l also implicates the minor dip as the point of re-entry for im-
pulses initiating V. F. at low temperatures. F9r as indicated, the re-
lationship between an extremely low threshold early in the cycle and the 
appearance of the injury potential on the ECG is absolute. In turn a. 
close correlation exists between the injury potential and v. F. in hypo-
thermia as shown by the results presented here and elsewhere (2J). 
Hoff and Stansfield (55) also observed an alteration in the S-T 
segment of dogs subjected to focal cardiac cooling and likened this alec-
trical wave to the negative after potential observed in nerve. That the 
hyperexcitable state at the minor dip always corresponds in time to this 
S-T segment displacement would tend to support such an hypothesis. 
In view of the results presented one wonders whether such changes in 
ventricular excitability would also obtain in humans rendered hypothermic 
and whether ventricular fibrillation would be the terminal cardiac event. 
Although neither threshold measurements nor terminal electrocardiograms 
are available in those cases of accidental human hypothermia reported in the 
clinical literature, there does exist some evidence which at le~st suggests 
that the situation in dogs and humans is the same. Tomaszewski (55), 
Graybiel and IB.we (56), and Laufman (57) have published electrocardiograms 
taken on J human victims soon after their rescue from the cold. In all 
cases an injury potential is present on the ECG records. Talbott et al. (58) 
also make mention of an upward displacement of the S-T segment in one of 
their hypothermic patients. If we can assume that the relation between 
injury potential and low minor dip threshold holds also in humans, then the 
human cardiac cycle too is marked by fluctuations in excitability. That such 
threshold alterations are again due mainly to the pH level of the blood is 
indicated by the pronounced S-T segment disple.cement observed in normothermic 
hypercapneic human subjects by Altschule (34). The close correlation between 
the injury potential and ventricular fibrillation in experimental animals 
subjected to lo~r temperatures, the presence of ventricula.r arrhythmias in 
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human cases of hypothermia (56, 57, 59), and the observations of Holzlonher 
described earlier (8) certainly suggest that ventricular fibrillation probably 
is the mode of death in human hypothermia. 
v. Summary and Conclusions 
Death in hypothermia is ascribable to cardiac arrest at temperatures 
of 14-l8°C. unless ventricular fibrillation intervenes usually above 20°C. 
A study of possible factors responsible for the latter cardiac event has 
been carried out and the results presented herein. Endogenous epinephrine 
is eliminated as a primary causative agent since adrenergic blockade does 
not diminish nor exogenous epinephrine increase the incidence of ventricular 
fibrillation at low temperatures. Cardiac overloading also does not pre-
dispose to fibrillation since venesection and hypotension (whether induced 
by venesection or adrenergic blockade) exert no beneficial action in this 
regard. 
The preimmersion anesthetic employed has a definite influence on the 
incidence of hypothermic ventricular fibrillation. Cardiac irregularities 
of ventricular origin occur less frequently among dogs under thiopental or 
ether than under pentobarbital. 
The major incitant to fibrillation at low body temperatures is the 
progressive respiratory acidosis which o~curs during the cooling process. 
Maintenance of a normal or slightly supernormal blood pH permits all dogs 
to cool to asystole without any signs of cardiac arrhythmias. Cold~ se 
does not appear to induce V. F. 
The low pH apparently exerts its deleterious effect on the heart by 
an augmentation of ventricular excitability in two distinct regions of 
the c~diac cycle; a) diastole and b) the minor dip. A third point in the 
cycle, the major dip, is evidently pH independent but temperature sensitive. 
The influence of acidity on the ventricular excitability is not 
peculiar to hypothermia, but obtains at normal temperature as well. In the 
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latter case reversal of the acidotic state also reverses the threshold 
changes. Such a reversal of pH when acidosis develops gradually in hypo-
thermia does not cause the thresholds to revert to normal, nor does it 
diminish the chances for ventricular fibrillation. 
These observed fluctuations in threshold during the cardiac cycle 
and the alterations in ventricular excitability which occur in consequence 
of changes in the internal environment reflect the necessity of a revision 
in our present concepts of cardiac excitability and refractoriness. 
The extremely low threshold at the minor dip which is induced by a 
fall in pH in both normo- and hypothermic dogs is manifested on the electro-
cardiogram by the appearance of an injury potential. A perfect correlation 
obtains between the two phenomena. 
In view of the implications which the injury potential affords in 
hypothermic dogs evidence can be presented which at least suggests that in 
hypothermic man similar changes in ventricular excitability occur and ven-
tricular fibrillation is probably the predominant mode of death. 
The pharmacologic agents tested for antifibrillary properties in 
hypothermia have been found wanting. Both Dilantin sodium and procaine 
amide are xoo toxic at low temperatures although in different manners. 
The former causes a severe depression of the sino-auricular node while 
procaine amide induces ventricular fibrillation in all hypothermic dogs. 
Dacorene in fractional doses protects most dogs against fibrillation 
during cooling to terminus, but it cannot as yet be described as the ideal 
antifibrillary drug. 
Although a physiologic method of preventing ventricular fibrillation 
in hypothermia is now available, a suitable pharmacologic agent is still 
desirable for practical use in cases of -accidental human hypothermia when 
means for artificial augmentation of the spontaneous respiration are not 
available. 
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ABSTRACT 
I. Introduction 
Ventricular fibrillation is an abnormal cardiac state which is 
characterized by rapid incoordinate ventricular contractions. These 
contractions produce no useful bea ts and so the cardiac output and the 
arterial blood pressure fall to near zero levels. In ·large mammals , such 
as dogs and humans, ventricular fibrillation is rarely, if ever, spontaneously 
reversible. Unless cardiac massage is instituted to maintain a reasonable 
cardiac output, death occurs within a few minutes of the onset of the 
fi -brilla ry process due to cerebral anox ia. This cardiac abnormality 
occurs under a va riety of experimental and clinical conditions such as 
coronary occlusion, incising of the ventricles, overdose of certain drugs 
(digitalis, quinidine), and injection of epinephrine during cyclopropane 
or chloroform anesthesia. 
It is now also recognized that ventricular fibrillation is the mode of 
death which occurs most fre quently in mammals subjected to a drastic re-
duction in body temperature. This appearance of ventricular arrhythmias at 
low temperatures he.s assumed increasing importance due to the clinical use 
of hypothermia a s a therapeutic aid. Hypothermia has been viewed with con-
siderable interest by the cardiac surgeons, in particular ·, since a reduction 
in body temperat ure will depress cellular metabolism and thus less oxygen 
is required to maintain the cell in a viable state. Because of this ability 
of the cell to function with a diminished supply of oxygen at low tempera-
tures, it is possible to occlude the venous return to the heart for 
variable periods of time at low body temperatures. During t his period of 
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venous occlusion intraca.rdiac surgical procedures can be performed in a 
bloodless heart. ·The advantages of a bloodless field for intracardiac 
surgery is obvious. Thus the causes of and methods of controlling ven-
tricular fibrillation at low temperatures is of interest to both the ex-
perimental physiologist and the clinician dealing with hypothermia with 
or without direct application to cardiac surgery. 
An experimental investigation of possible factors responsible for 
the occurrence of ventricular fibrillation at low body temperatures was 
carried out in a series of anesthetized dogs subjected to progressive 
immersion hypothermia. The studies executed during the course of this 
investigation were as follows: a) the influence of various anesthetic 
agents \pentobarbital, thiopental, and ether) on the incidence of ven-
tricular fibrillation in hypothermic dogs; b) the role of epinephrine in 
the production of hypothermic ventricular fibrillation; c) the influence 
of heart rate and blood pressure on the incidence of ventricular fibrilla-
tion at low body temperatures; d) .the influence of hypothermia on ven-
tricular excitability; e) the influence of pH on ventricular excitability 
and ventricular fibrillation; f) the efficacy of several anti-fibrillary 
drugs (Dilantin, procaine amide, Dacorene) in the control of hypothermic 
ventricular fibrillation. 
II. Methods 
All dogs were anesthetized with either pentobarbital, thiopental, 
or ether and then rendered hypothermic by immersion in an iced water bath 
of 2-5°C. Rectal and heart temperatures were recorded by means of thermo-
couples placed in the rectum and in the right auricular cavity. .Arterial 
blood pressure was recorded from a common carotid artery by means of a 
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mercury manometer and heart rates were obtained from a Sanborn poly-viso 
cardiette. Arterial pH was determined by a Cambridge pH meter e~uipped 
with a s pecial temperature jacket. The latter made possible the measure-
ment of pH at the same temperature as existed in the right ·auricle at the 
time of sampling. This obviated the need of using a temperature correction 
factor to determine the pH of blood at low temperatures. 
Ventricular excitability was measured by placement of two electrodes 
on the heart, one on the left auricle and a second on the left ventricle. 
Attachment of the electrodes to the heart was accomplished in the following 
manner: An incision was made in the left fourth intercostal space and the 
ribs retracted for exposure of the entire heart. 'rhe stimulating electrodes 
were of Ag.AgCl wire in the form of 1/4 inch loops fixed in leucite discs 
which vrere attached to the heart by means of three stitches. The stitches 
were far enough removed from the stimulating electrode so that we were 
fairly certain of measuring the excitability of intact undamaged ventricular 
musculature. The electrodes were in turn attached to two s~uare wave stimu-
lators connected in tandem to one another. The auricular electrode served 
as a pacemaker for the heart while the ventricular electrode delivered 
impulses of constant duration (10 or 15 m.sec.) and variable intensity 
(0.2.73 rna.) to the ventricle at any desired point in the cycle, A third 
electrode placed under the surface of the skin at the edge of the incision 
sewed as a common indifferent electrode for the driving and testing 
electrodes on the heart. The presence of a variable delay current between 
the two stimulators made it possible to apply stimuli to the heart at any 
point in the cycle. The ventricular threshold was measured by determining 
the minimum current in ma.re~uired to produce a ventricular ectopic beat. 
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The current strength was calculated in the following manner: The voltage 
was known (0-150 volts) and the resistance was determined by placing a 
50,000 ohm resistor in the testing circuit and by measuring the resistance 
of the heart with an ohmmeter. The latter was of the order of 5000-6000 ohms. 
Thus the total resistance in the circuit was approximately 55,000 ohms. 
Therefore, the maximum current strength obtainable was 150/55,000=2.73 rna. 
III. Results 
The incidence of ventricular fibrillation was found to be significantly 
higher in nembutalized hypothermic dogs (58%) than in dogs anesthetized 
with thiopental (28%) or ether (JO%). A later study of diastolic ventricular 
thresholds in nembutalized and thiopentalized dogs rendered hypothermic 
revealed that this difference was due in part to the fact that fewer of the 
dogs anesthetized with thiopenta l showed a markedly elevated ventricular 
exci t ability at low temperatures. 
~~inephrine apparently exerted little influence on the incidence of 
hypothermic ventricular fibrillation. The injection of exogenous epinephrine 
(10 gamma/Kg.) at a body temperature of 24 °C. did not increase the incidence 
of ventricular fibrillation nor did the administration of adrenerg ic block-
ing drugs ( Dibenamine and SY-21) lower the fre~uency at which these fatal 
cardiac arr~thmias occurred. 
Neither pulse r a te nor blood pressure appeared to inf luence the type 
of death which obtained in hypothermic dogs. Both the pulse rate and 
blood pressure were statistica lly the same in all dogs prior to death regard-
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less of the mode of death, i.e., ventricular fibrillation or cardiac stand-
still. 
The measurement of ventricular excitability during progressive 
immersion hypothermia disclosed a number of interesting findings. The 
diastolic ventricular excitability and the appearance of ventricular fib-
rillation were found to bear a close relationship. Only those anima~ 
succumbed to ventricular fibrillation which exhibited a highly elevated 
ventricule.r excitability during the cooling process. All dogs whose ven-
tricular threshold did not fall markedly during cooling terminated in 
asystole. A study of the ventricular excitability throughout the cardia.c 
cycle also revealed that the most precipitous fall in threshold occurred very 
early in systole, i.e., at a point 40-80 m.sec., af'ter the inscription of 
the electrocardiographic Q wave. A second less precipitous fall occurred 
during late systole. 
The relation of these changes in~citability to pH and temperature 
was also investigated. The fall in threshold early in the cardiac cycle, 
the minor dip, and the decrease in diastolic threshold appeared to be due 
to a fall in pH rather than temperature. For these phenomena were observed 
also in normothermic dogs rendered hypercapneic and were not seen in hypo-
thermic dog s whose pH was maintained at a constant normal level. However, 
the fall in threshold late in systole, the major dip, was caused by 
temperature alone. Maintenance of a normal pH during cooling not only 
prevented the fall in diastolic and minor dip thresholds but also prevented 
the occurrence of ventricular fibrillation. 
In the final series of experiments the effectiveness of Dilantin, 
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procaine amide, and Dacorene as antifibrillary agents was investigated. 
Neither Dilantin nor procaine amide proved useful under hypothermic con-
ditions. The former caused severe cardiac depression while the latter 
induced ventricular fibrillation in all hypothermic dogs regardless of the 
route of administration. Dacorene in small divided doses did reduce the 
incidence of ventricular fibrillation significantly in hypothermia by 
causing a transient increase in the threshold of the ventricles. 
IV. Summary 
The incidence of ventricular fibrillation in hypothermic dogs is 
affected by the specific anesthetic agent employed. Neither epinephrine, 
pulse rate, nor arterial blood pressure is responsible for the initiation 
of ventricular arrhythmias at low body temperatures. Marked alterations 
in ventricular excitability occur prior to the onset of ventricular 
fibrillation in hypothermic dogs. The more prominent changes in ventricular 
excitability and the occurrence of ventricular fibrillation at low tempera-
tures can be controlled by maintenance of a normal pH during cooling. 
Dacorene alone of the ant1£1brillary drugs tested exerts any beneficial 
effect in hypothermia. 
Birthplace: 
late of Birth: 
Parents: 
Schools and 
Colleges Attended; 
Degrees: 
AUTOBIOGRAPHY 
Benjamin Gene Covino 
Lawrence, Massachusetts 
September 12, 1930 
Nicholas Covino 
Mary R. Covino 
Oliver-Leahy Grammar School 
Lawrence High School 
College of the Holy Cross 
Boston College 
Boston University 
A. B., June, 1951, College of the Holy Cross 
M. s., June, 1953, Boston College 
70 
